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Spin waves and magnetic ordering in the quasi-one-dimensionalSÄ 1
2 antiferromagnet BaCu2Si2O7

M. Kenzelmann,1 A. Zheludev,2 S. Raymond,3 E. Ressouche,4 T. Masuda,5,6 P. Böni,7 K. Kakurai,8 I. Tsukada,5,9
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Elastic and inelastic neutron scattering were used to study the ordered phase of the quasi-one-dimensional
spin-1/2 antiferromagnet BaCu2Si2O7. The previously proposed model for the low-temperature magnetic struc-
ture was confirmed. Spin-wave dispersion along several reciprocal-space directions was measured and inter-
chain, as well as in-chain exchange constants were determined. A small gap in the spin-wave spectrum was
observed and attributed to magnetic anisotropy effects. The results are discussed in comparison with existing
theories for weakly coupled quantum spin chain antiferromagnets.
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I. INTRODUCTION

The investigation of low-dimensional magnets has bee
very active research field for the last two decades. First c
ceived as simple spin models, low-dimensional magnets
vealed a far richer physical behavior than their more conv
tional three-dimensional~3D! counterparts, due to th
importance of quantum fluctuations. Particularly interest
is the one-dimensional~1D! Heisenberg antiferromagneti
model ~1D HAF!, for which the Hamiltonian is written as

H5J(
i

chain

Si•Si11, ~1!

J being the exchange coupling constant. The ground stat
the 1DS51/2 HAF is a spin-singlet and can be characteriz
as ‘‘marginal spin liquid’’: while long-range order is absen
spatial spin correlations decay according to a power law,
thus represent quasi-long-range order.1 The excitation spec-
trum is isotropic and gapless, and is described in terms
S51/2 elementary excitations known as ‘‘spinons.’’2 Physi-
cal excitations are composed of pairs of spinons, which gi
rise to a two-spinon continuum.3 This behavior is in stark
contrast with that of 3D spin systems, that have long-ra
order in the ground state~‘‘spin solid’’ !, and where the spec
trum is dominated by single-particleS51 excitations~spin
waves!. The pure one-dimensional HAF is of course a phy
cal abstraction since spin chains in real materials are alw
at least weakly coupled. To make a virtue of necess
weakly coupled antiferromagnetic chains offer the oppor
nity to study the crossover from the quantum spin dynam
in a single chain to semiclassical spin waves in 3D syste
0163-1829/2001/64~5!/054422~7!/$20.00 64 0544
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BaCu2Si2O7 was recently recognized as an almost ide
model system4 for experimental investigation of this dimen
sional crossover. The silicate crystallizes in an orthorhom
crystal structure, space groupPnma, and the lattice constant
are a58.862(2) Å , b513.178(1) Å , and c
56.897(1) Å .5 The Cu21 spins are subject to a stron
super-exchange interaction via the O22 ions, producing
weakly coupled antiferromagnetic chains that run along
crystallographicc axis.6 Correspondingly, the magnetic su
ceptibility shows a broad maximum at around 150 K~Ref.
4! and its temperature dependence follows the theoret
Bonner-Fisher curve7 with an intrachain coupling J
524.1 meV. The nearest-neighbor Cu-Cu distance wit
the chains is equal toc/2 ~for a schematic view of the crysta
structure see Fig. 1 in Tsukadaet al.4!. Weak interactions
between the chains result in long-range antiferromagnetic
dering atTN59.2 K, as observed by bulk susceptibility an
specific-heat measurements.4 Preliminary neutron-diffraction
studies provided an estimate for the ordered magnetic
ment at low temperatures:m050.16mB .4 In the ordered state
the spins are aligned along the crystallographicc axis ~chain
axis!. Early inelastic work suggested that the ratio of inte
chain to in-chain interactionsJ8/J in BaCu2Si2O7 is inter-
mediate compared to that in such well-knownS51/2 sys-
tems as KCuF3 ~a more 3D-like material! and Sr2CuO3 ~an
almost perfect 1D compound!, as shown in Fig. 1.

In a recent short paper we reported studies of the interp
between single-particle and continuum dynamics
BaCu2Si2O7.8 We showed that at low frequencies the spe
trum is dominated by resolution-limited spin waves and t
the two-spinon continuum of a single chain is recover
©2001 The American Physical Society22-1
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above a threshold energy. For a better quantitative un
standing of this behavior a detailed knowledge of both
chain and interchain interactions in this system is requir
The present paper is a detailed report on neutron-scatte
characterization of this material. We focus on the 3D asp
namely long-range magnetic order and spin-wave-like e
tations. From measurements of the spin-wave disper
along different reciprocal-space directions we determine
the relevant parameters of the system, such as the stren
and geometry of interchain coupling and magnetic anis
ropy.

II. EXPERIMENT

Single crystals were grown using the floating-zone te
nique from a sintered polycrystalline rod. The crystals w
carefully checked for twinning because the lattice consta
along thea andc axis are very similar. The diffraction mea
surements were performed with a small sample with dim
sions 3 mm3 to exclude sizable extinction effects. Th
samples used in the inelastic scattering experiments were
lindrical in shape, 5 mm in diameter, and 50 mm in heig
Up to three single crystals were co-aligned for the differ
experiments.

The neutron-scattering experiments were performed
five different instruments. The two-axis D23 diffractomet
at the Institut Laue-Langevin~ILL !, Grenoble, France, wa
used to investigate the ordered magnetic structure at
temperatures~setup I!. D23 is a thermal neutron diffracto
meter with a lifting detector arm. The experiment was p
formed with a graphite monochromator at an incident ene
Ei514.7 meV.

Spin-wave dispersion perpendicular to the chain axis w
measured using two cold-neutron triple-axis spectromet
the TASP spectrometer at Paul Scherrer Institut~PSI!, Villi-
gen, Switzerland~setup II!, and the IN14 spectrometer at IL

FIG. 1. The ordered moment andTN /J for the known weakly
coupled antiferromagnetic Heisenberg spin-1/2 chain compound
a function of uJ8u/J. For Sr2CuO3 ~Ref. 10!, Ca2CuO3 ~Ref. 17!,
and BaCu2Ge2O7 ~Refs. 4 and 11!, uJ8u was estimated using th
predictions of the chain mean-field model~Ref. 15!, while actual
measured values were used forTN . For KCuF3 ~Refs. 6 and 18!
uJ8u was deduced from spin-wave bandwidth perpendicular to
chain axis. The lines are predictions of the chain mean-field mo
~Ref. 15!.
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~setup III!. The zone-boundary energy was measured us
the thermal neutron triple-axis spectrometer IN22 at I
~setup IV!. Preliminary measurements were also perform
at the National Institute of Standards and Technology Ce
for Neutron Research~NCNR!.

The experiment on TASP was performed with final ne
tron energy fixed atEf58 meV. PG~002! reflections were
used for monochromator and analyzer. The sample
mounted with its (h,h,l ) and (h,0,l ) crystallographic plane
in the horizontal scattering plane. The supermirror neut
guides gave a source-to-monochromator collimation of
both horizontally and vertically. The measurements in
(h,0,l ) plane were performed using 80’-80’ collimators b
fore and after the sample and distance collimation after
analyzer. For the measurements in the (h,h,l ) plane, the use
of 2-cm-wide slits cut the beam divergence before and a
the sample down to effective values of 47’-60’. The ener
resolution was 0.38 and 0.6 meV for the measurement
the (h,h,l ) and (h,0,l ) crystallographic plane, respectivel
as determined from the full width at half maximum~FWHM!
of the quasielastic peak.

For the measurements using IN14 and IN22, PG~002! re-
flections were used for monochromator and analyzer. T
sample was mounted with its (0,k,l ) crystallographic plane
in the horizontal scattering plane. Final neutron energy w
fixed at Ef53 meV andEf530.5 meV, for the IN14 and
IN22, respectively, with neutron guides defining the sour
to-monochromator collimations of 30’ and 60’, respective
40’-40’ collimators were used in both setups before and a
the sample, and the use of slits cut the effective collimat
of the IN22 setup down to 27’-40’. The energy resolutio
~FWHM! was 0.26 and 3.5 meV for the IN14 and IN2
measurements, respectively. Be or pyrolytic graphite filt
were used after the sample to eliminate higher-order be
contamination.

The time-of-flight chopper spectrometer MARI at th
ISIS Facility, Rutherford Appleton Laboratory, Oxon, Unite
Kingdom, was used for the measurement of the magn
excitations in a wide range of wave-vector transfers alo
the chain~setup V!. The measurements were performed u
ing a chopper-monochromated incident energyEi
530 meV allowing the measurement of the excitation sp
trum up to 25 meV. The energy resolution was abo
0.35 meV, as determined from the FWHM of the quasiel
tic peak. The resolution of the wave-vector transfer w
given by the size of the sample, the detector, and their
spective distance, and it was typically 0.05 reciprocal latt
units ~r.l.u.! along the chain axis.

III. MAGNETIC STRUCTURE

To determine the spin structure in the ordered phase
magnetic Bragg intensities were measured atT51.5 K us-
ing setup I. The main complication in the experiment w
that all magnetic reflections appear on top of strong nuc
peaks. The following measurement procedure was imp
mented. For each reflection the nuclear intensity was m
sured in a rocking curve atT510 K .TN . The peak inten-
sity was then measured with high statistics both above
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below TN , and the difference was attributed to magne
scattering. The integrated magnetic intensity was estima
from the measured intensity ratio and the integrated nuc
intensity. The magnetic structure was found to be totally c
sistent with that suggested in Tsukadaet al.4 The ordered
moment at low temperaturem050.15(3)mB is parallel to the
crystallographicc axis. Relative nearest-neighbor spin alig
ment is ferromagnetic along thea axis and antiferromagneti
along theb andc axes, respectively.

The temperature dependence of a few magnetic refl
tions was measured in the rangeT51.5–15 K as shown in
Fig. 2 for the (0 1 1) peak. Below the ordering temperat
TN , the Bragg intensity increases with decreasingT. The
measured peak intensityI is a sum of nuclear and magnet
contributions, the latter being proportional to the square
the sublattice magnetizationm. The data were fit to a power
law form:

I ~T!5I 0S TN2T

TN
D 2b

1N for T,TN , ~2!

whereI 0 is the magnetic intensity atT50 K, b is the order-
parameter critical exponent, andN is the~nuclear! scattering
intensity assumed to beT independent. A good fit is obtaine
with b50.25(5) andTN59.0(0.05) K. The value ofb is
clearly below the critical exponent for a 3D antiferromagn
and is in good agreement with the critical indexes measu
in the quasi-1D materials KCuF3 ~Ref. 9! and Sr2CuO3.10

IV. DISPERSION OF MAGNETIC EXCITATIONS

A. Dispersion along†h,0,1‡ and †h,h,1‡

Spin-wave dispersion at the 1D AF zone centerqi5p
was measured along the@1,0,0# and@1,1,0# reciprocal-space
directions atT51.5 K using setup II. Typical background
subtracted constant-Q scans are shown in Figs. 3 and 4. T

FIG. 2. Temperature dependence of the (0 1 1) reflection
tween 1.5 and 15 K. The scattering intensity aboveTN59.0 K
comes from the allowed nuclear Bragg reflection at (0 1 1). B
low TN , the intensity increases with decreasing temperature.
solid line is a fit to the data with the critical exponentb50.25 as
explained in the text.
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background was measured atQ5(h,0,1.25) (h5021) and
Q5(h,h,1.25) (h5021), where no magnetic scattering
expected in the relevant energy transfer range, due to
steep dispersion along the chain axis. All measured sc
show typical spin-wave peaks with a sharp onset on the l
energy side, and an extended high-energy resolution tail

The data were analyzed using a model cross section w
ten in the single-mode approximation~SMA!, as will be dis-
cussed in detail in Sec. V. The cross section was numeric
convoluted with the spectrometer resolution function, cal
lated in the Cooper-Nathans approximation.12 Global fits to
all data, as well as fits to individual scans, were performed
the energy transfer range 0 –4.5 meV. As shown in Figs
and 4, the model used gives an accurate description of
experimentally observed peak shapes. The transverse
wave dispersion relation deduced from the global fit
shown in Fig. 6~solid lines!, where symbols represent exc
tation energies obtained in fits to individual scans.

B. Dispersion along†0,k,1‡

Dispersion along the@0,k,1# direction was measured us
ing the high-resolution cold-neutron setup III atT51.5 K.

e-

-
e

FIG. 3. Constant-Q scans measured atT51.5 K for three dif-
ferent wave-vector transfers on the@h,0,1# reciprocal-space rod
~setup II!. The background has been subtracted as described in
text. The solid lines represent global fits to the data using a mo
SMA cross-section function.
2-3
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M. KENZELMANN et al. PHYSICAL REVIEW B 64 054422
Constant-Q scans were collected at wave vectors withk in
the range 0<k<3. Some of these data were presented e
where~see Fig. 2 in Ref. 8!. Scans at the 3D AF zone cente
(0,1,1) and (0,3,1)~Fig. 5! reveal the presence of a sma
gap in the spin-wave spectrum. In fact, there appear to
two separate modes with slightly different gap energi
These two branches correspond to different polarizatio
The relative intensity of the lower-energy excitation atQ

FIG. 4. Constant-Q scans collected atT51.5 K for three dif-
ferent wave-vector transfers on the@h,h,1# reciprocal-space rod
~setup II!. Background and lines as in Fig. 3.

FIG. 5. Constant-Q scans collected atT51.5 K for Q
5(0,0,1),Q5(0,1,1), andQ5(0,3,1) ~setup III!. The solid line is
a global fit to the data as described in the text. Shaded areas ind
partial contributions of two spin-wave branches with different p
larization.
05442
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5(0,3,1) is clearly smaller than atQ5(0,1,1). Due to the
intrinsic polarization dependence of the magnetic neut
cross section, the observed behavior is consistent with
higher-energy mode being polarized along thea axis of the
crystal, and the lower-energy excitation polarized alongb.
This consideration is made quantitative by a global fit to
measured scans using an SMA cross section with buil
neutron polarization factors for the two branches~solid lines
in Fig. 5!.

The spin-wave dispersion relation along the@0,k,l #
reciprocal-space direction is shown in Fig. 6~solid lines!.
Here symbols represent fits to individual scans.

C. Dispersion along the chain axis

The dispersion of magnetic excitations along the cha
was previously determined in constant-energy scans u
16.5-meV energy transfer.4 As part of the present work we
performed additional measurements of this type using
time-of-flight technique~setup V!. The incident neutron en
ergy at the MARI spectrometer was set to 30 meV and
chain axis was aligned nearly perpendicular to the incom
beam direction. The scattered neutrons were counted b
large array of detectors, arranged in a half circle with rad
4 m vertically below the sample. The energy transfer w
determined from the detection time. This allowed a simul
neous measurement of the neutron-scattering cross se
on a two-dimensional surface in (Q,v) space. The projection
of the measurement surface onto the (Qi ,v) plane (Qi being
the wave-vector transfer along the chain axis! is shown in
Fig. 7 for T58.5 K. One clearly sees a ‘‘fountain’’ of mag
netic scattering emanating from theQi52p/c 1D AF zone
center. We have previously demonstrated that in this ene
range both spin waves and continuum contributions to
magnetic dynamic structure factor are important.8 However,
in the present experiment separating the two does not ap

ate
-

FIG. 6. Dispersion of the spin-wave excitations atT51.5 K
along three different crystallographic directions perpendicular to
chain axis. The open and closed circles show the excitation ene
extracted from fits to individual scans. The open circle indica
that the measurements were actually performed at (0,12k,1),
(2h,0,1), and (2h,2h,1), respectively. Error bars are smalle
than the symbol size. The solid line is the dispersion determine
a global fit to the data using Eq.~7!.
2-4
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SPIN WAVES AND MAGNETIC ORDERING IN THE . . . PHYSICAL REVIEW B 64 054422
possible due to a poor wave vector resolution~typically 0.05
r.l.u. along the chains!. The observed dispersion of magne
excitations is consistent with the previous estimates ofvs .
This is illustrated by the solid line in Fig. 7 that shows t
calculated Des Cloizeaux–Pearson SMA dispersion rela
for a 1D S51/2 Heisenberg antiferromagnet,13 or the lower
bound of the two-spinon excitation continuum,3 assuming
vs5130.5 meV Å .

D. Zone-boundary energy

To verify that only nearest-neighbor in-chain interactio
are relevant, the measured value ofvs was compared to the
excitation energy at the 1D AF zone boundary which cor
sponds to the sharp divergence on the lower bound of
two-spinon continuum, often refereed to as the
Cloizeaux–Pearson ‘‘spin wave.’’13 The measurement wa
done atT51.5 K in a constant-Q scan at the wave vecto
transferQ5(0,0,2.5) (Qi55p/2), using setup IV~Fig. 8!.
The observed peak was analyzed using a Gaussian pr
~solid line in Fig. 8! and the zone-boundary energy was d
termined: \vZB537.9(0.2) meV. With nearest-neighbo
spin separation along the chain axis equal toc/2, for an S
51/2 1D AF one expects\vZB5pJ/2 and vs5pcJ/4.13

Assuming the nearest-neighbor model, for BaCu2Si2O7 we
thus obtainJ524.1(1) meV andvs5130.5(5) meV Å , in
excellent agreement with direct spin-wave velocity measu
ments and magnetic susceptibility data.4

V. DISCUSSION

Most measurements discussed in this paper have b
performed below 4.5 meV, which is the threshold of t
excitation continuum.8,14 Below this energy, the spectrum
expected to be dominated by single-particle spin-wave e

FIG. 7. Neutron-scattering intensity measured at 8.5 K us
MARI as a function of wave-vector transfer along the chain a
and energy transfer. The color indicates the measured intensit
cording to the black and white color bar on the side. The em
spaces are due to the detector arrangement which is not contin
in the 2Q scattering angle. The black line is the lower bound of t
two spinon continuum forJ524.1 meV.
05442
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tations. The corresponding dynamic structure factor, and
spin-wave dispersion relation in particular, can be calcula
using the chain mean-field~chain-MF! approximation.15,16

As will be discussed below, this theoretical construct is
remarkably good quantitative agreement with our expe
mental results on BaCu2Si2O7.

A. Model Hamiltonian

We shall now describe the model Hamiltonian f
BaCu2Si2O7 that was used as a starting point in our da
analysis. As mentioned above, a single nearest-neigh
Heisenberg exchange coupling constantJ is sufficient to de-
scribe in-chain interactions. We found that in order to rep
duce the observed dispersion in the perpendicular directi
three independent interchain exchange constants are
quired. The Cu21 chains in BaCu2Si2O7 form a rectangular
lattice with nearest-neighbor Cu-Cu distances along tha
andb axes ofa/2 andb/2, respectively. We shall denote th
corresponding exchange constants asJx andJy . In addition,
we shall include exchange interactions along the@1,1,0# di-
rection~third nearest-neighbor interchain Cu-Cu distance! in
our model and label the corresponding coupling constan
J3. The model Heisenberg Hamiltonian is then written as

H5(
i

JSri
Sri1c/21JxSri

Sri1a/21JySri
Sri1b/2

1J3Sri
Sri1a/21b/21J3Sri

Sri1a/22b/2 . ~3!

Here the sum is taken over all spins in the system andr i is
the position of spini.

Following Schulz15 and treating the interchain coupling i
a mean-field treatment, the Hamiltonian transforms into
effective single-chain Hamiltonian which reads

H5(
i

JSiSi 112h(
i

~21! iSi
z22NJ8m0

2 . ~4!

g
s
c-

y
us

FIG. 8. Constant-Q scan collected atT51.5 K at the 1D anti-
ferromagnetic zone boundaryQ5(0,0,2.5). The solid line is a
Gaussian fit to the data.
2-5
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The magnetic moment is aligned along thez axis. Here N is
the number of sites in the chain,m05(21)i^Si

z& is the stag-
gered magnetization, andh524J8m0. The effective MF in-
terchain coupling strengthJ8 for this anisotropic coupling
geometry is given byJ8[ 1

4 (2uJxu12uJyu14uJ3u).

B. Dynamic structure factor

Essleret al. have previously derived the SMA dynam
structure factor for weakly coupledS51/2 antiferromagnetic
chains in KCuF3, using the chain-MF/random-phase appro
mation~chain-MF/RPA!.16 It is straightforward to adapt thei
result to the coupling geometry for the Hamiltonian given
Eq. ~3!:

Sxx~Q,v!}
1

vx~Q!
$d@v2vx~QI !#2d@v1vx~Q!#%,

~5!

Syy~Q,v!}
1

vy~Q!
$d@v2vy~Q!#2d@v1vy~Q!#%,

~6!

vx,y
2 ~Q!5

p2

4
J2 sin2~p l !1

D2

Jy12J32Jx

3@Jy12J32Jx1J~Q!#1Dx,y
2 . ~7!

In this formulaSxx(Q,v) andSyy(Q,v) are dynamic struc-
ture factors for excitations polarized along thea andb axes,
respectively, andQ5(h,k,l ) is the wave-vector transfer.D is
the gap induced in the quantum spin chains by the effec
staggered exchange field in the magnetically ordered s
This gap corresponds to the excitation energy at a poin
reciprocal space where interchain interactions cancel ou
the RPA level, e.g.,D5v@Q5(0.5,0.5,1)#. J(Q) is the Fou-
rier transform of interchain coupling, and is given by

J~Q!5Jx cos~ph!1Jy cos~pk!1J3 cos@p~h1k!#

1J3 cos@p~h2k!#. ~8!

Finally, the parametersDx andDy in Eq. ~7! are anisotropy
gaps for the two spin-wave branches, that we empirica
include in the dispersion relation, as in Tsukadaet al.4

The magnetic dynamic structure factor is related to
inelastic neutron-scattering cross section through the po
ization factors and form factors for the magnetic ions
volved:

ds

dVdE8
}u f ~Q!u2@Sxx~Q,v!sin2~Q̂,â! ~9!

1Syy~Q,v!sin2~Q̂,b̂!].

The model cross section defined by Eqs.~5!–~9! were
numerically convoluted with the calculated spectrome
resolution function and used in global least-squares fits to
data for each experimental setting. The effective MF int
chain coupling strengthuJ8u[ 1

4 (2uJxu12uJyu14uJ3u) is re-
lated to the gap energy throughD56.175uJ8u.15 The in-chain
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exchange constant was fixed atJ524.1 meV, while the pa-
rametersJx , Jy , J3 , Dx , andDy were refined. The follow-
ing values were obtained:Jx520.460(7) meV~ferromag-
netic!, Jy50.200(6) meV, 2J350.152(7) meV, Dx
50.36(2) meV, andDy50.21(1) meV. This yieldsD
52.51 meV anduJ8u50.41 meV. The obtained dispersio
relation is shown in Fig. 6 in solid lines. Symbols indica
excitation energies obtained in fits to individual scans.

C. Comparison with the chains-MF model

The chain-MF theory does not only reproduce the o
served dispersion relation, but is in fact in good quantitat
agreement with the data. According to Schulz15 the relations
betweenm0 , TN and uJ8u are given by

uJ8u5
TN

1.28Aln~5.8J/TN!
, ~10!

m051.017AuJ8u/J. ~11!

In our case, whereuJ8u50.41 meV andJ524.1 meV, this
givesTN513 K andm050.13 mB . TN is overestimated by
the chain-MF theory due to quantum fluctuations not tak
into account on the MF level. The remaining small differen
between the ordered and estimated ordered moment ca
attributed to the presence of a weak easy-axis~Ising-like!
anisotropy which clearly should have the effect of enhanc
long-range order at low temperatures. Indeed, this term,
matter how small, induces long-range order even in
purely 1D model atT50 K.

VI. CONCLUSION

The obtained detailed characterization of BaCu2Si2O7
provides a quantitative basis for the discussion of sing
particle vs continuum excitations in weakly coupled sp
chains in Zheludevet al.8 The experimental data are remar
ably well described by the quantum mean-field model.
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